The structures of two oligodeoxyribonucleotide duplexes, the base sequences of which were modelled after both a hammerhead ribozyme and a small metalloribozyme, were studied by NMR. Both duplexes contain adjacent G:A mismatches; one has a PyGAPu:PyGAPu sequence and the other a PyGAPy:PuGAPu sequence. It is concluded on the basis of many characteristic NOEs that in both duplexes G:A base pairs are formed in the unique 'sheared' form, where an amino proton instead of an imino proton of G is involved in the hydrogen bonding, and G and A bases are arranged 'side by side' instead of 'head to head'. A photo-CIDNP experiment, which gives unique and independent information on the solvent accessibility of nucleotide bases, also supports G:A base pairing rather than a bulged-out structure of G and A residues. This is the first demonstration that not only the PyGAPu:PyGAPu sequence but also the PyGAPy:PuGAPu sequence can form the unique sheared G:A base pairs. Taking the previous studies on G:A mismatches into account, the idea is suggested that a PyGA:GAPu sequence is a minimum and essential element for the formation of the sheared G: A base pairs. The sheared G:A base pairs in the PyGAPu:PyGAPu sequence are suggested to be more stable than those in the PyGAPy:PuGAPu sequence. This is explained rationally by the idea proposed above.
INTRODUCTION
Since the discovery of ribozymes, studies to elucidate how ribozymes exert their enzymatic activities on the basis of their structures have been carried out [1 -11] . It has been suggested that an A:G mismatch base pair is formed in some ribozymes and that the structure derived from this base pairing could play a crucial role in their enzymatic activities [12, 13] . For this reason, the G:A base pair has been studied in both oligodeoxyribonucleotide duplexes and oligoribonucleotide duplexes. Particularly in oligodeoxyribonucleotide duplexes, several different types of G: A base pairs have been observed in both the crystal and solution states, 'head to head' G(anti):A(anti) [14, 15] , G(anti):A(syn) [16] , and G(syn):A(anti) [17, 18] have been observed. Recently, a 'sheared' G:A base pair was proposed [12, 19] , and results supporting this mode of base pairing are accumulating [20] [21] [22] . As the first step to elucidate the structureactivity correlation of ribozymes, we studied the structures of oligodeoxyribonucleotide duplexes containing G:A mismatches by NMR, the base sequences of which were modelled after ribozymes. Figure 1 shows the base sequences of the oligodeoxyribonucleotide duplexes studied by NMR, duplexes 1 and 2, together with those of a hammerhead ribozyme [23] and a small metalloribozyme [24] . Duplex 1 is modelled after the bottom part of the hammerhead ribozyme, where the formation of G:A base pairs is suggested [13] . The first six bases of duplex 1 are identical to those of the bottom part of the hammerhead ribozyme. This part of duplex 1 is also nearly identical to the left part of the metalloribozyme, where the formation of G:A base pairs can be expected from the base sequence. As interesting G:A mismatches are incorporated in the first six bases, the bases 7 to 10 are chosen to form a self-complementary sequence in order to simplify NMR analysis. Thus, duplex 1 is suitable for probing the possibility of G:A base pair formation in ribozymes. An NMR study of a ribonucleotide duplex is much more difficult than one of a deoxyribonucleotide duplex due to the intense overlapping of resonances [25] . Therefore, we first studied corresponding oligodeoxyribonucleotide duplexes in order to obtain structural information on the G:A base pair.
It is notable that the base pairing geometry of G: A mismatches depends heavily on the neighbouring sequences. It was shown that the PyGAPu:PyGAPu sequence forms sheared G:A base pairs while the AGAT sequence forms a 'head to head' G(anti):A(anti) base pairs, and no duplex is formed (or GA bulges occur) for the GGAC sequence [21] . So far, nothing is known as to what kind of base pairing occurs for the PyGAPy:PuGAPu sequence, because only a series of self-complementary sequences has been studied in detail by NMR. Therefore, it was of great interest, to investigate a non-self-complementary sequence, and duplex 2 was designed for this purpose. The first six bases of duplex 2 are the same as those of duplex 1, but duplex 2 is not self-complementary and thus has the PyGAPy:PuGAPu sequence.
Our studies demonstrate clearly that both duplexes 1 and 2 form unique 'sheared' G: A base pairs. A minimum and essential base sequence for the formation of the sheared G:A base pairs, PyGA:GAPu, has been proposed on the basis of our results. The stabilities of the sheared G: A base pairs in the PyGAPu:PyGAPu and PyGAPy:PuGAPu sequences are compared, and the difference in stability is explained rationally by application of the above rule. 
MATERIALS AND METHODS
Each deoxyoligonucleotide strand, d(GGACGAGTCC), d(GGA-CGACATC) and d(GATGGAGTCC), was synthesized on a 10 /imol scale by the phosphoramidite coupling method with a model 392 DNA synthesizer (Applied Biosystems Co.). Each oligomer was purified and annealed as described previously [26] . For NMR measurement of non-exchangeable protons, a lyophilized sample was dissolved in 20 mM phosphate puffer (pH 7.0) containing 0.15 M NaCl. The solution was lyophilized and then dissolved in 0. 4 NMR spectra were all recorded at 278-333 K with a Bruker AM-400 NMR spectrometer, except for a photo-CIDNP spectrum recorded with a JEOL GX-500 NMR spectrometer. Phase-sensitive NOESY [27] and HOHAHA [28] spectra were recorded by the time-proportional phase-increment method [29] . The mixing times for NOESY were 80, 100, 200, 300 and 500 ms, and the mixing time for HOHAHA was 40 ms. The repetition delay was 2.0 s. Two-dimensional spectra were recorded with 400-512 ti increments, being 96-160 free induction decays of 2 K data points per increment were collected. The t[ and t 2 data were apodized with a Tr/3-shifted sine-bell function. The t] data were zero-filled to 1 K points. One-dimensional spectra in H 2 O were accumulated with a 1 -1 pulse sequence [30] , and NOE difference spectra were obtained as described previously [26] with irradiation times of 100 and 300 ms. The photo-CIDNP difference spectrum was recorded as described previously [31] with laser irradiation of 0.8 W for 300 ms. Figure 2 shows the one-dimensional 'H NMR spectra and NOE difference spectra on irradiation of the imino protons of duplex 1 in H 2 O at 288 K. The resonances of imino protons have been assigned sequentially on the basis of observed NOEs, as described previously [26] . It is notable that the imino proton of the G5 residue resonates at a high field, 10.29 ppm, well separated from the usual region, ~ 13 ppm, for a resonance of a hydrogen bonded imino proton of a G residue.
RESULTS
The resonances of non-exchangeable protons of duplex 1 have been assigned sequentially by analysis of two-dimensional NOESY and HOHAHA spectra in D 2 O in the same way as reported for other oligodeoxyribonucleotide duplexes [32, 33] , using previously established methods [34] [35] [36] [37] [38] [39] [40] . As an example, Figure 3 shows the expansion of the NOESY spectrum, indicating the sequential assignments of HI' and H6/H8 through the HI' (i-l)-H6/H8 (i)-Hl' (i) connectivities. It is notable that the connectivities are very weak at several points, C4HT-G5H8, G7H8-G7H1' and A6HT-G7H8, suggesting some structural perturbation around the G:A mismatches. In the same way, H2', H2', H3' and H4' were assigned, the assignments all being selfconsistent and confirmed by HOHAHA spectra (data not shown).
The assignments are summarized in Table 1 . The resonances of exchangeable and non-exchangeable protons of duplex 2 have been assigned in the same way. Figure 4 shows an imino proton spectrum with the assignments. The up-field shift of the imino proton resonances was also observed for the G5 and G15 residues in this case. Figure 5 shows the expansion of the NOEs spectrum with the sequential assignments of HI' and H6/H8 as an example. At several points weak connectivities are observed once again; A6H8-A6H1', A6H1'-C7H6, C7Hl'-A8H8and 16AH8-16AH1'. The assignments of duplex 2 are summarized in Table 2 . NOE to A6H2 is expected in the case of (a) and to A6H8 in the case of (b), the intensity of which should be comparable to that between A3H2 and the imino proton of T8 in an A:T base pair. However, such a strong NOE was not observed, but weak NOEs were observed (Figure 2(b) ), excluding the possibility of either (a) or (b) once again. It should be noted that NOEs to the amino protons of C4 (6. 60 and 8.25 ppm) were observed on irradiation of the imino proton of G5, although they were weak. Before analyzing NOE results in detail, it was checked whether the factor Q*/T C , can be assumed to be constant in the duplex [41] . Geometrically fixed distances, H2'-H2" and CH5-CH6, are used for this purpose. The intensities of H2' -H2" cross peaks in the NOESY spectrum with the mixing time of 100 ms are nearly identical for each residue, and the intensities of CH5 -CH6 cross peaks are also nearly identical for each cytosine residue. Additionally, the intensities of H2'-H2' cross peaks relative to those of CH5-CH6 cross peaks are rationalized well by considering simple l/i^-dependency of NOE cross peaks. These indicate that the factor Q*/T C , can be assumed to be constant in the duplex.
In the syn conformation the H8(i)-Hl'(i) distance is ~2.6 A, which is comparable to the CH5(i)-CH6(i) distance (2.46 A), while in the anti conformation this distance is ~3.8 A, which is greater than the CH5(i)-CH6(i) distance [25] . The H8(i)-Hl'(i) NOEs for G5 and A6 are much weaker than the CH5(i)-CH6(i) NOEs (Figure 3 ). In fact, the H8-H1' distances calculated on the basis of the intensities of the cross peak in the NOESY spectrum with the mixing time of 100 ms by using geometrically fixed CH5-CH6 distance as the internal reference distance [32] are 3.6 A for A6 and 3.4 A for G5. When it is taken into account that the obtained distances tend to be underestimated ones due to spin diffusion [42] , the results indicate clearly die ami conformation for both G5 and A6. Thus (b) and (c) are excluded as the G: A base pair of duplex 1. Thus (d) turns out to be the only base pair which is consistent with the experimental data.
As a consequence of unique base pairs of type (d), the mode of base stacking becomes extremely different from the standard one, as pointed out previously [12, [19] [20] [21] . This can be demonstrate easily by a simple model building study, as shown in Figure 6 . Initially a model was constructed just by making two consecutive sheared G:A base pairs and minimizing die energy using X-PLOR [43] to avoid steric hindrance. It was seen that one G5 base is stacked on another G5 base of the other strand, and that one A6 base is stacked on another A6 base of the other strand, while the G5 base is not stacked on the A6 base of the same strand at all. This remarkable stacking mode was confirmed further by peculiar NOEs; A6H2-A6H1' and A6H2-A6H4' (Figure 3) . The intraresidue AH2-AH1' and AH2-AH4' distances are too long for any conformation to give solid NOEs [25] . Therefore, the observed NOEs should be interstrand NOEs. Such NOEs cannot be expected for die standard base stacking, while diey are expected for the unique mode of base stacking shown in Figure 6 , where the A6 residue of one strand is very close to another A6 residue of the opposite strand. Thus, die unique A6H2-A6H1' and A6H2-A6H4' NOEs strongly support a G: A base pair of the type (d). At diis stage, the model was refined further by incorporating die information of the NOEs as die proximity of the corresponding protons. The unique stacking mode also gives a hint as to why the imino proton of G5 is visible, aldiough it is not involved in die hydrogen bonding. Probably, this is due to reduced accessibility of the imino proton to the solvent water.
Several resonances appear in unusually high field regions, A6H2' (1.02 ppm), C4H2' (1.38 ppm), and C4H5 (4.90 ppm), together with moderately upfield shifted C4H2" (11.98 ppm), C4H6 (6.91 ppm), and A6H8 (7.49 ppm). These unusual chemical shifts were all observed for A6 or C4 residues which form the unique sheared G:A base pair or are located next to the sheared G: A base pair. It is suggested that the unusual mode of base stacking causes these upfield shifts through the ring current effect.
In addition to the unusually weak H6/H8-HI' connectivities found at several points (mentioned under Results), the following observations (data not shown) are supposed to also be in line with the unique positioning of the bases: H6/H8(i)-H2"(i-1) NOE is absent and H6/H8(i)-H2'(i-1) NOE is weak for the A6-G5 step, and H6/H8(i)-H2'(i-1) NOE is weak for the G5 -C4 and G7-A6 steps, although they are generally strong to medium for other steps.
Photo-CIDNP is a unique NMR method for studying the solvent accessibility of proteins [44] . This method was successfully applied for the first time to the structural study of double stranded nucleic acids by us [31] . A base of a G residue gives a clear photo-CIDNP signal when it is exposed to solvent, while it does not when it is not exposed. Figure 7 shows the photo-CIDNP difference spectra of duplex 1 at 293 K (bottom) and 333 K (top). No CIDNP signal is observed at 293 K, while strong CIDNP signals are observed when the duplex is melted and the bases are exposed to the solvent by raising the temperature to 333 K. This indicates that all G bases including G5 are not solvent accessible at 293 K. The possibility of a bulged-out structure for the G:A mismatch, with the G5 and A6 bases flipped out of the duplex, which was observed for the GGAC sequence [21] , was ruled out clearly by these independent NMR data. The photo-CIDNP results support the formation of a G:A base pair with the bases incorporated into the duplex.
Thus, it is concluded that unique sheared base pairs are formed for the G:A mismatches of duplex 1, which was modelled after a hammerhead ribozyme and a small metalloribozyme. 21 ppm) , and C4H5 (4.89 ppm), together with a moderately upfield shifted C4H6 (6.89 ppm) signal. These are observed for the residues forming the unique base stacking or close to the unique base stacking. (6) In addition to the unusually weak H6/H8-HI' (connectivities found at several points (mentioned under Results), H6/H8(i)-H2'(i-1) NOE is absent and H6/H8(i)-H2"(i-1) NOE is very weak for the A6-G5 and A16-G15 steps, and a H6/H8(i)-H2'(i-1) NOE is very weak for the G5-C4, C7-A6, G15-G14 and G17-A16 steps, although they are generally medium to strong for other steps.
This study demonstrates for the first time that the PyGAPy:PuGAPu sequence can form sheared G:A base pairs. The PyGAPu:PyGAPu and PuGAPy:PuGAPy sequences have been examined as to their ability to form G: A base pairs in detail by NMR [12, 20, 21] . The PyGAPu:PyGAPu sequence forms sheared G:A base pairs, while the AGAT sequence forms 'head to head' base pairs, and die GGAC sequence forms no duplex (or GA bulges). However, it remains unanswered what happens for the PyGAPyrPuGAPu sequence, because only selfcomplementary sequences have been studied so far. This study answers this question, and has expanded die base sequence for which die possible formation of a sheared G: A base pair should be taken into account.
Essential base sequence for the formation of a sheared G:A base pair
It is interesting to note the outstanding difference that our CGAC:GGAG sequence forms sheared G:A base pairs, while the GGAC:GGAC sequence cannot form a duplex (or forms GA bulges) [21] . The GAC:GGA sequence is common in both the CGAC:GGAG and GGAC:GGAC sequences. Taking into account the facts that the PyGAPu:PyGAPu sequence and the PyGAPy:PuGAPu sequence form sheared G:A base pairs, as demonstrated for duplexes 1 and 2, but that the PuGAPy:PuGAPy sequence does not form sheared G:A base pairs, the idea is reached that the PyGAX:XGAPu sequence, or simply the PyGA:GAPu sequence is the minimum and essential element for the formation of sheared G: A base pairs. This kind of asymmetric sequence can be deduced only by studying a non-selfcomplementary sequence.
It is supposed that in addition to the excellent interstrand G-G and A-A stacking at the central GA sequence step, the stacking interaction at the PyG:APu sequence causes crucial stabilization for the formation of sheared G:A base pairs. An interaction at the PuG:APy step does not seem to cause sufficient stabilization for the formation of sheared G: A base pairs. The GGACGGAC sequence cannot form a sheared G:A base pair because it lacks the crucial PyGiAPu interaction. The AGAT:AGAT sequence cannot form a sheared G:A base pair for the same reason. The AGAT:AGAT sequence can form 'head to head' G:A base pairs, possibly with the help of extra hydrogen bonding between the amino group of the G and the carbonyl-group of the T of the preceding A:T pair, as observed in the crystal state [15] and suggested previously [21] . The GGAC:GGAC sequence cannot make use of this extra hydrogen bonding, thus it forms no duplex.
Very recently the formation of the sheared G: A base pair is reported for d(TGTTTGGC):d(ACAAACA), with a terminal C residue left unpaired at the end [22] . This sequence is not an XGAX:XGAX type which gives two adjacent G:A base pairs. It is interesting that a single sheared G:A base pair is stable at the end of the duplex. Some different mechanism for the stabilization of the sheared G: A base pair may exist at the end of the duplex in this case.
Comparison of the stabilities of the sheared G: A base pairs in duplexes 1 and 2 It was also interesting to determine which sheared G:A base pairs are more stable between the PyGAPu:PyGAPu and PyGAPy:PyGAPu sequences. Although the sequence of duplex 2 is similar to that of duplex 1, in fact, the first to sixth base pairs are identical, the ninth C:G base pair in duplex 1 is replaced by a T:A base pair in duplex 2. Therefore, comparison of the stabilities of the sheared G: A base pairs is not straightforward, because the stability could be affected by this difference. However, it is still suggested that the sheared G:A base pair in the PyGAPu:PyGAPu sequence is more stable than that in the PyGAPy:PuGAPu sequence on the basis of the following observations. In the case of duplex 2, at 303 K the resonances of the imino protons of the G's in the central sheared G: A base pairs are very broad, almost disappearing, due to rapid exchange with water, while the resonances of imino protons of the other residues except for terminal residues remain solidly (data not shown). In the case of duplex 1, at this temperature, the resonance of the imino proton of the G in the central G: A base pair is clearly observed together with the resonances of the imino protons of the other residues except for terminal residues. This order of stability is consistent with the results of previous thermodynamic analyses of a series of adjacent G: A mismatches [19] , although the mode of G:A base pair formation in the PyGAPy:PuGAPu sequence was not identified then.
It is very remarkable that the stability of the PyGAPu:PyGAPu sequence compared to that of the PyGAPy:PuGAPu sequence can be explained rationally on the basis of the proposed idea of an essential element for the formation of sheared G: A base pairs. The PyGAPu:PyGAPu duplex has two PyGA:GAPu segments, which partially overlap each other, preferable for the formation of sheared G:A base pairs. Thus, the two PyG:APu steps, probably through the stacking interaction, stabilize the consecutive sheared G:A base pairs. On the other hand, the PyGAPy:PuGAPu sequence has only one PyGA:GAPu sequence, and the PyG:APu step occurs only at one position. Therefore the sheared G:A base pair in the PyGAPu:PyGAPu duplex is more stable than that in the PyGAPy:PuGAPu duplex.
